Tropical forests play a crucial role in regulating regional and global climate dynamics, and model projections suggest that rapid climate change may result in forest dieback or savannization. However, these predictions are largely based on results from leaf-level studies. How tropical forests respond and feedback to climate change is largely unknown at the ecosystem level. Several complementary approaches have been used to evaluate the effects of climate change on tropical forests, but the results are conflicting, largely due to confounding effects of multiple factors. Although altered precipitation and nitrogen deposition experiments have been conducted in tropical forests, large-scale warming and elevated carbon dioxide (CO 2 ) manipulations are completely lacking, leaving many hypotheses and model predictions untested. Ecosystem-scale experiments to manipulate temperature and CO 2 concentration individually or in combination are thus urgently needed to examine their main and interactive effects on tropical forests. Such experiments will provide indispensable data and help gain essential knowledge on biogeochemical, hydrological and biophysical responses and feedbacks of tropical forests to climate change. These datasets can also inform regional and global models for predicting future states of tropical forests and climate systems. The success of such large-scale experiments in natural tropical forests will require an international framework to coordinate collaboration so as to meet the challenges in cost, technological infrastructure and scientific endeavor.
Introduction
Despite their relatively small coverage of the Earth's land surface (<10%), tropical forests provide a wide range of important services to humankind, such as maintenance of biodiversity, carbon (C) sequestration and climate regulation, as well as economic and recreational values (Hassan et al. 2005) . Tropical forests harbor the largest terrestrial reservoir of biodiversity from the gene to the habit level, with more than half of the world's plant and animal species (Dirzo and Raven 2003) . This biome contains up to 55% of global terrestrial C stocks (Pan et al. 2011) , exchanges more water and carbon dioxide (CO 2 ) with the atmosphere than any other one (Foley et al. 2005) , and accounts for at least one-third of global terrestrial net primary production (NPP; Phillips et al. 1998 , Cleveland et al. 2011 ). In addition, >800 million people depend on tropical forests for fuel, food and income (Hassan et al. 2005) . Tropical forests thus play a pivotal role in the functioning of the planet's natural and human systems.
Rapid climate change has already been found to significantly affect ecosystem structure and functioning in tropical forests (Bawa and Markham 1995, Corlett 2011) . Field observations have shown that the growth rates of tropical trees declined considerably with subtle increases in average temperature, indicating their high sensitivity to temperature (Clark et al. 2003 , Feeley et al. 2007 ). Meanwhile, considerable evidence has mounted that climate change, especially warming, has caused large losses in biodiversity due to narrow niches of tropical tree species (Bazzaz 1998 , Miles et al. 2004 ). Those findings suggest higher vulnerability of tropical forests to climate change than previously believed (Lewis 2006 , Corlett 2011 .
Of particular concern associated with climate change in tropical forests are potential increases in tree mortality. The increased mortality is probably due to climate-induced physiological stress and interactions with climate-mediated disturbances such as insect outbreaks and wildfires, most notably in the Amazon rainforest , Malhi et al. 2009 , Poulter et al. 2010 , Good et al. 2011 . Coupled climate-C models have also predicted that tropical forests would encounter a substantial and rapid 'dieback' or savannization by the end of the 21st century, especially in the Eastern Amazon rainforests , Scholze et al. 2006 , Poulter et al. 2010 , triggering a positive feedback from the terrestrial C cycle to climate warming (Friedlingstein et al. 2006 ). The positive climate-C feedbacks could accelerate loss of tropical rainforests ). However, the projected dieback and the modeled positive feedbacks are largely based on relatively simple response functions, which lack functionally realistic mortality mechanisms (Allen et al. 2010) . Those functions mostly derive from leaf-level physiology but have not been carefully tested against experimental results at the forest-stand level.
Predicting the consequences of climate change on tropical forests has emerged as one of the grand challenges for global change scientists. If the responses and feedbacks of tropical forests to climate change are not adequately addressed, it is difficult to gauge myriad mitigation strategies and to develop adaptive approaches to alleviate climate change. Gaining such an understanding will require an international framework of global change research networks to assess climate-ecosystem feedbacks. In this essay, we first review atmospheric and climatic changes in the tropics and their impacts that have been observed on tropical forests from various complementary approaches and global change research (Figure 1 ). Secondly, we discuss the need for large-scale manipulative experiments in tropical forests and some of the key questions that such experiments can potentially answer. In the last section, we briefly discuss the technical, logistical and financial challenges for the proposed experiments. Our discussion is focused primarily on tropical rainforests, or moist, wet or humid tropical forests in regions where the mean temperature of the coldest month is >18 °C and the monthly rainfall is >100 mm (Whitmore 1998) .
Atmospheric and climatic changes in the tropics
In tropical forest regions, the atmospheric CO 2 concentration follows the global trend, which increased by 1.66 ppm or 0.46% year −1 from 1980 to 2007 (totally 44.8 ppm; Keeling and Whorf 2008) . The mean rate of tropical warming between 1976 and 1998 was 0.26 ± 0.05 °C per decade (Malhi and Wright 2004) , which was comparable to the global mean land surface temperature rise of 0.22 ± 0.08 °C per decade between 1976 (IPCC 2007 . The recent warming is strongest in the extratropics of the northern hemisphere with large El Niño events (IPCC 2007) . Global climate models have predicted that all tropical forest regions would encounter a further warming of between 3 and 6 °C (mean) by the end of this century, which will move outside the range of natural variability of at least the past 2 million years (Cramer et al. 2004 , Zelazowski et al. 2011 . From 1976 to 1998, precipitation has decreased in tropical forest regions at a rate of 1.0 ± 0.8% per decade, with large spatial variability. It decreased more significantly in northern tropical Africa (3-4% per decade) but did not change in Amazonia (Malhi and Wright 2004) . Droughts have become more common since the 1970s. Future changes in spatial rainfall patterns are expected to be highly variable over space, with changes of up to ±20% by 2100 (Malhi et al. 2009 , Zelazowski et al. 2011 . A consistent rise in precipitation has been predicted to occur in Asian tropical forest regions (Cramer et al. 2004) . Although atmospheric nitrogen (N) deposition has mostly occurred in temperate regions due to local sources and the short lifespan of NO x and NH 3 in the atmosphere, N deposition rates in the tropics have also been found to increase over recent decades and are expected to substantially increase far beyond those experienced for millions of years (Galloway et al. 2008 , Davidson 2009 ).
What we learn about tropical forests from various approaches
It is very difficult to conduct ecosystem-scale experiments to reveal fundamental mechanisms underlying forest responses to climate change in tropical regions due to their operational difficulties in such high-stature tropical forests. Rather, a diverse array of other methods has been employed to understand possible responses of tropical forests to global environmental change. Those methods include long-term monitoring, plant physiology experiments, atmospheric observation, ecosystem flux measurement, Earth observation, modeling, tree ring studies and studies along climatic or elevational gradients (Figure 1) . Lewis et al. (2009a) have carefully discussed the first six of these approaches. In this section, we briefly summarize the findings of those, and discuss the last two methods in more detail in the context of our argument for ecosystemscale manipulative experiments.
To date, much attention has been paid to observation in long-term monitoring plots, but the results have been conflicting. For example, tropical tree growth rates increased significantly over the last several decades in tropical Amazonia and Africa , Lewis et al. 2009b ), but were negatively affected by subtle increases in average temperature in Central America and Asia (Clark et al. 2003 , Feeley et al. 2007 ). Plant C storage, tree mortality and recruitment, liana change and stem dynamics also showed inconsistent responses to environmental change over time , Lewis et al. 2009b ). The differences may partly result from different measuring intervals, with 5-10 years in Amazonia/Africa and 1-5 years in Central America/Asia. Similarly, results from both ecosystem flux measurements and atmospheric observations showed that tropical forests were either a C sink, a C source or in balance, probably due to measurement failure on calm nights and high uncertainty in CO 2 sampling and atmospheric transport models, respectively (Grace et al. 1995 , Lewis et al. 2009a ). Nevertheless, plant physiology experiments, Earth observation and modeling indicate increased trends in plant photosynthesis, productivity and C storage over time (Lewis et al. 2009a) .
Tree ring studies allow us to reconstruct annual growth rates over the full lifetime of tropical trees (Zuidema et al. 2012) . The results showed an increase in the long-term growth rates for several Amazonian species (Rozendaal et al. 2010 ), but not for Asian species (Nock et al. 2011) . Climatic or elevational gradients as a proxy for future climate change have been used to examine long-term responses of ecosystem processes. An increased trend in aboveground NPP has often been found across a temperature or precipitation transect gradient when precipitation is <3500 mm (Austin 2002) . Along elevational gradients, a 5 °C warming causes loss of ~30% of epiphyte species and nearly 80% of ant species in Costa Rica (Colwell et al. 2008 , Wright et al. 2009 ).
All of the above-mentioned tropical forest-climate studies are based on correlative approaches that link ecosystem attributes with climate variables using observation data. For example, in plant physiology studies, the respiration-temperature relationship is commonly described as an exponential function with a temperature sensitivity coefficient, known as Q 10 (a relative increase in respiration rate for every 10 °C increase in temperature), to interpret the effects of climate warming (Lloyd and Farquhar 2008) . In long-term monitoring plots, changes in mean annual temperature are often used, together with the temperature sensitivity function, to examine the effects of warming on ecosystem structure and function (Lewis et al. 2009b , Phillips et al. 2009 ). Such extrapolation ignores various ecosystem-scale processes and often results in uncertainty in prediction. Overall, these approaches may offer valuable insights into climatic impacts on tropical forests, while multiple climatic and biotic factors may confound the effects, making it difficult to detect fundamental mechanisms underlying ecosystem responses and feedbacks to climate change.
What we know about ecosystem responses from global change research
Large-scale manipulative experiments have been conducted in temperate forests to examine ecosystem responses to elevated CO 2 (e.g., King et al. 2004 , soil warming (Melillo et al. 2002) , drought (Yavitt and Wright 2001 , Borken et al. 2006 , Pérez-Ramos et al. 2010 and N deposition (Janssens et al. 2010 , Lu et al. 2011 . Those experiments have advanced our knowledge about climate effects on forests in temperate regions (Rustad et al. 2001 , Field et al. 2007 , Luo 2007 ). In tropical forests, studies have been conducted to examine ecosystem responses to altered precipitation by throughfall exclusion experiments and N deposition (e.g., Yavitt and Wright 2001 , Lohse and Matson 2005 . While no ecosystem-scale manipulative experiment has been conducted with rising CO 2 and warming (Körner 2009 , Lewis et al. 2009a , the effects of elevated CO 2 and warming have been examined from greenhouse and mesocosm experiments. Here, we synthesize results from various experiments to evaluate main and interactive effects of various global change drivers (e.g., elevated CO 2 , altered precipitation, warming and N deposition) on ecosystem processes, from which we try to derive insights into potential responses of tropical forests to global change.
Elevated atmospheric CO 2 concentration
Although no single mature tropical tree has even been exposed to a CO 2 -enriched atmosphere, several studies have examined ecophysiological responses to elevated CO 2 with seedlings, young saplings and model communities grown in enclosures (see Körner 2009 for details). In general, elevated CO 2 consistently stimulated leaf photosynthesis but either increased or showed no change in forest productivity (Arnone and Körner 1995, Lovelock et al. 1998) . A positive photosynthetic response of tropical leaves to elevated CO 2 thus cannot necessarily be scaled up to whole trees. In addition, modeling may result in overestimation of elevated CO 2 effects on tropical forests if the canopy was treated as a big leaf to simulate fluxes of CO 2 and water vapor (Dai et al. 2004 ).
Altered precipitation
The most significant threat to tropical forests probably results from drought and changes in rainfall patterns (Bawa and Markham 1995) . Several large-scale throughfall exclusion experiments have been conducted in the Brazilian Amazon and southwestern Costa Rica. The results showed that drought consistently decreased aboveground NPP and root growth, and increased mortality of large trees and lianas (Cattanio et al. 2002 , Nepstad et al. 2007 . Less consistent were responses of soil greenhouse gas emissions (GHGs, i.e., CO 2 , CH 4 , N 2 O and NO) to drought in different sites (Cattanio et al. 2002 , Sotta et al. 2007 , Cleveland et al. 2010 . Moreover, global models predicted the possibility of increased precipitation in some tropical regions (IPCC 2007) . Irrigation experiments have also been carried out in Barro Colorado Island Panama and southeastern Amazonian Peru (Wieder and Wright 1995 , Yavitt and Wright 2001 , Bunker and Carson 2005 , Paine et al. 2009 ). Irrigation significantly enhanced young seedling growth and survival, increased stem density and diversity (Bunker and Carson 2005, Paine et al. 2009 ) and stimulated litter decomposition on forest floors (Wieder and Wright 1995) . No effects were observed on fine root biomass (Yavitt and Wright 2001) . These studies have largely improved our understanding on process responses to altered precipitation in tropical forests in comparison with observational studies that have the co-occurrence of multiple factors (Clark 2004) .
Climate warming
The potential effects of climate warming on tropical forests are increasingly becoming a focus of climate change research. No large-scale warming experiments have been conducted in mature tropical forests, not even in soil using buried electric resistance wires or sub-canopy with infrared heaters, which have been applied in temperate forests (e.g., Melillo et al. 2002 , Schindlbacher et al. 2009 , Reich 2010 . The only in situ warming experiment was to date carried out on leaves and branches of mature trees, lianas and gap species using electric resistance heaters in the Amazon (Doughty 2011) . It was found that warming decreased maximum photosynthesis (A max ), with a larger negative impact on mature trees than on lianas or gap species, but did not affect transpiration (Doughty 2011) . Whole-ecosystem warming experiments are limited only to low-stature grasslands to date (e.g., Shaver et al. 2000 , Luo et al. 2001 . It is commonly assumed that tropical forests may be largely unaffected in comparison with boreal forests due to less warming near the equator than close to the poles (Markham 1998) . However, tropical trees are more susceptible to climate warming than temperate or boreal plants due to narrow diurnal, annual and interannual temperature tolerance ranges (Hoffmann 2010) . Furthermore, tropical forests are thought already to be close to their high-temperature threshold (Doughty and Goulden 2008) and their response to climate warming will depend on their ability to acclimate (Way and Oren 2010) .
Nitrogen deposition
Owing to easy implementation, N deposition experiments have been conducted in the tropical forests of Brazil, Costa Rica, Hawaii, USA, Panama and Puerto Rico (Wieder and Wright 1995 , Lohse and Matson 2005 , Siddique et al. 2010 , Adamek et al. 2011 ). Nitrogen addition significantly increased aboveground biomass (Adamek et al. 2009 , Cusack et al. 2011 ), but its effects on fine root biomass were not directional with either decreases (Cusack et al. 2011) or no changes (Li et al. 2006 , Adamek et al. 2011 ) observed. A meta-analysis showed that N addition increased litter biomass and did not significantly affect soil and microbial respiration, soil C content, dissolved organic C and microbial biomass C (Liu and Greaver 2010) . Nitrogen enrichment can also decrease species richness of the understory plants (Bobbink et al. 2010) .
Potential interactions of multiple drivers
In the real world, global climate change usually involves simultaneous changes in the above-mentioned drivers (IPCC 2007), which interactively affects ecosystem processes (Norby and Luo 2004) . Multi-factor manipulative experiments may cause dramatic shifts in ecosystem C dynamics relative to the singlefactor ones due to additive, synergic and antagonistic effects (Zhou et al. 2006 , Heimann and Reichstein 2008 , Lin et al. 2010 . For example, seedlings of nine tropical forest tree species showed strong growth stimulation by elevated CO 2 when N addition was applied (Winter and Lovelock 1999) , while CO 2 effects were not clear in the absence of fertilizer (Lovelock et al. 1998 , Winter et al. 2000 . Modeling interactive efforts can provide understanding of long-term dynamics to inform future multi-factor experiments (Luo et al. 2008) . Such efforts have indicated that the temperature threshold of NPP decreased with increasing precipitation in Amazonian tropical rainforests (Cowling and Shin 2006) .
The need for large-scale manipulative experiments in tropical regions
Large-scale manipulative experiments can play an indispensable role in probing mechanisms underlying tropical forest responses to future climate, especially elevated CO 2 and warming and their interaction (Körner 2009 , Lewis et al. 2009a , Corlett 2011 . By manipulating one or a few global change factors, the experiments can quantify direct and indirect effects of the factors on various ecosystem processes.
The experimental approaches can minimize the confounding effects that are difficult to avoid in observational approaches (Figure 1 ). Although we have gained much knowledge from global change experiments in temperate regions, direct extrapolation of such knowledge to tropical regions may not be warranted due to their unique ecosystem attributes. The global change experiments conducted in tropical regions can help integrate our knowledge gained from study of the aboveground processes alone (Phillips et al. 1998 , Clark et al. 2003 and aid investigation of the linkage between canopy and soil processes.
The most challenging experiments that need to be conducted in tropical forests are warming and CO 2 manipulations. Although current approaches for elevated CO 2 (FACE) are available in temperate forests, further modifications are still needed to allow experiments to be conducted in such tallstature systems. For example, it is technically difficult to manage CO 2 gas flow at the required quantities to fumigate all the parts of the canopy. Warming experiments are even more difficult to manipulate in tropical forests. The difficulties-both conceptual and operational-increase if warming treatment is combined with elevated CO 2 . The current technological development may serve as a prototype using nested hexagonal and rectangular arrays of infrared heaters to increase forest temperatures uniformly from root to canopy (Kimball et al. 2011) . Combined air and soil warming may also achieve the target levels of ecosystem warming (Hanson et al. 2011 ) when a forced-air heating system is used to warm large open-top chambers for aboveground plant space (Norby et al. 1997 , Pelini et al. 2011 ) and buried heating cables or circumferential vertical heaters to warm soils (Melillo et al. 2002, Bronson and Gower 2010) . The open-top chambers for air warming can be also used for CO 2 fumigation to examine their interactive effects. Alternatively, warming from infrared heaters may be combined with a FACE facility to elevate CO 2 for investigation of their interactive effects.
The level of experimentally manipulated factors can be decided in reference to model predictions from IPCC (2007), which may vary from 2 to 4 °C for rising temperature and 600-800 ppm for elevated CO 2 . If possible, N deposition treatment can be added to either warming or elevated CO 2 treatments. If the budget allows, it is better to have several such experiments in different tropical forest locations (or countries), since ecosystem responses to climate change may vary among diverse tropical ecosystems. For example, responses of GHGs to drought using throughfall exclusion experiments varied significantly in tropical forests (Cattanio et al. 2002 , Sotta et al. 2007 , Cleveland et al. 2010 . Those experiments can allow some of the key questions to be addressed as discussed below and will provide valuable platforms for probing mechanisms underlying vulnerability of tropical forests to climate change.
Most past research on climatic responses and feedbacks has mainly focused on the potential role of tropical forests as C sources or sinks (Field et al. 2007 ). However, it is commonly acknowledged that tropical forests influence global climate systems through multiple pathways, primarily by exchanges of biogeochemical, hydrological and biophysical fluxes with the atmosphere (Figure 2a ; Bonan 2008 , Chapin et al. 2008 . For example, tropical forests receive a larger portion of solar energy in comparison with temperate and boreal regions, which drives evapotranspiration (ET) for tropical convection, atmospheric mixing and circulation, having downstream effects on temperate and boreal regions (Werth and Avissar 2004) . Warming may increase ET and sensible heat flux, and then cloud cover in tropical regions, which may contribute to cooling by increasing ET from land to air as well as reflecting sunlight back to space (Figure 2c ; Bonan 2008 , Chapin et al. 2008 , Jackson et al. 2008 . Climate change may thus have different impacts on biogeochemical, hydrological and biophysical processes (Figure 2b and d; Bonan 2008 ), which can be examined in such proposed experiments from leaf to ecosystem scales.
Long-term ecological responses to global change are strongly regulated by slow processes, such as changes in species composition, C dynamics in soil, long-lived plants and accumulation of nutrient capitals (Clark and Clark 2011 , Feeley et al. 2011 . For example, liana abundance and biomass has increased significantly due to recent ongoing global change, which may affect tree diversity, recruitment, growth and survival, and subsequently C fluxes and storage (Schnitzer and Bongers 2011) . To maximize their benefit to probe responses of long-term ecosystem processes, such experiments would need to be run for at least 10 years. The experimental size should be at least 20-m diameter ring or 20 × 20 m, owing to high biodiversity in tropical forests. Meanwhile, ecosystem models can help to integrate results from those experiments with other sources of information . With data assimilation, experimental data can inform the initial conditions and constrain model parameters to improve ecological forecasting and estimates of uncertainty in prediction of tropical forest responses to global change.
Key questions to be answered by global change research
Global change experiments, if they are appropriately designed, could address some of the most critical issues in tropical ecosystems. We briefly discuss them as follows.
(i) How likely is climate change to induce Amazon forest dieback? Which factor, drought or warming, is most important in causing forest decline? Can warming and drought effects on tropical forests be ameliorated by elevated CO 2 ? What is the capacity of tropical forests to adapt to climate change in the Imperative need for global change research in tropical forests 907 at University of Oklahoma on October 8, 2014
http://treephys.oxfordjournals.org/ Downloaded from long term? Currently, the climate-induced forest dieback predicted by coupled climate-C models (especially in the Amazonian region; Cox et al. 2000 , Poulter et al. 2010 ) is largely based on leaf-and plant-level physiology with two different, not necessarily exclusive, mechanisms: high-temperature inhibition of leaf photosynthetic uptake (Doughty and Goulden 2008) and increased respiratory losses that push trees into C starvation (McDowell et al. 2008) . Since elevated CO 2 has been shown to increase wateruse efficiency, this may compensate for drought conditions (Körner 2009) . It would become possible to test this hypothesis if large-scale warming and elevated CO 2 experiments are constructed in tropical forests. In addition, the responses of tropical trees to warming and elevated CO 2 may be different among diverse species (Way and Oren 2010) . Such experiments will help us to examine responses of individual dominant species to global change and contribute to our understanding of forest dieback in the tropics. If necessary, complementary small-scale experiments may need to coordinate with largescale ones to evaluate specific mechanisms ).
(ii) How important is it to represent accurately the processes of mortality or succession in dynamic global vegetation models (DGVMs) for predicting forest dieback or 'savannization'? How does biodiversity regulate forest dieback under climate change? Despite the prominence with which simulated forest dieback and transition to savanna have motivated recent studies in tropical ecosystems, none of the DGVMs so far have actually incorporated key processes of mortality, recruitment and succession. The importance of this omission can be partly explored by comparing models that include these processes with experiments that actually show how mortality arises differentially under different treatment conditions.
(iii) What are the effects of elevated CO 2 on forest productivity and C balance? Does CO 2 fertilization of tropical forests contribute to the explanation of the missing C sink? Although elevated CO 2 has been shown to significantly increase leaflevel photosynthesis in seedlings and model communities, its effects on forest productivity at stand levels and on C sequestration in soil and ecosystems have only been simulated by models or speculated based on simple extrapolation (Lin et , Lloyd and Farquhar 2008 , Körner 2009 ). Ecosystem-level experiments can provide direct evidence for responses of forest productivity and C balance to elevated CO 2 in tropical forests.
(iv) Will climate warming trigger tropical C-cycle feedback that leads to a warmer climate? In tropical regions, the majority of the models have simulated a decrease in NPP and net ecosystem productivity (NEP), because tropical NPP and NEP may be more moisture dependent (Friedlingstein et al. 2006) . Both the direction and degree of the response of NPP and respiratory C release to climate warming remain largely uncertain in tropical forests. In many other regions of the globe, experimental warming has often been found to stimulate plant growth more than or equally to C loss (Luo 2007) . Whether climate warming stimulates plant growth more or less than C loss in tropical forests can be addressed with manipulative experiments.
(v) How do biogeochemical, hydrological and biophysical processes respond to climate change in tropical forests? Fluxes between the ecosystems and the atmosphere are strongly coupled and are usually represented in DGVMs or individual-based models (e.g., ecosystem demography models) (Moorcroft et al. 2001 , Sitch et al. 2008 . However, calibration and validation are often difficult for hydrological and biophysical cycles, in particular, under climate change. The results from integrated studies of biogeochemical, hydrological and biophysical processes in large-scale experiments could be used to improve mathematical representations of tropical vegetation and better predict the response and feedbacks of future tropical forests to climate change.
Moving forward: a strategy for manipulative experiments
Achieving an accurate assessment of climate-ecosystem feedback and forecasting the future climate system will require integrated ecosystem-level climate change studies. Conducting ecosystem-scale experiments, especially warming and/or elevated CO 2 , in natural tropical forests can advance science in this area but will pose many challenges in terms of technology, infrastructure, cost and multinational and multidisciplinary collaboration. Thus, success of such a research program will require an international framework to coordinate collaboration among nations, institutions and disciplines worldwide. The challenge of creating such a network demands integrated, multidisciplinary approaches and new thinking.
Assessing the sensitivity of tropical ecosystems to climate change and identifying key attributes would require an integrated approach to research planning and execution. It would be ideal to have multi-factor experiments with multiple levels of CO 2 concentration, warming, drought and nutrient additions for both primary and secondary tropical forests (Hanson et al. 2008) . However, such experiments will require a considerable investment in site construction and maintenance costs, making them very expensive. For example, building either a FACE or a warming facility would cost several million dollars (Calfapietra et al. 2010 , Kimball et al. 2011 . Operational costs would be even more significant due to the requirements for large amounts of high quality CO 2 and electrical power for warming, as well as the engineers and scientific personnel among others. Ways to potentially achieve financial savings are thus necessary. To drastically reduce experimental costs, experimental sites may be close to an available CO 2 source such as a fertilizer plant (Calfapietra et al. 2010) . Suggested locations are Brazil, Costa Rica, Puerto Rico, Northern Australia, Hawaii and Malaysia (Hanson et al. 2008) . Most importantly in the Amazonian regions, experiments should preferably be associated with other studies (e.g., eddy flux-tower facilities).
Clearly, strategic planning is necessary to cope with organization, costs and the complexity of multi-dimensional datasets to address the most pressing scientific goals. Such tropical research needs precursor countries, with large research investments as well as a transcontinental support possibly funded by an international institution. To explore more deeply the establishment of ecosystem-level global change experiments in tropical forests, workshops are needed to develop ideas, solicit input from the community and nurture international collaborations.
